






permits description of either awarmorcool-season plant commu
nityoracombination of the2 communities. Plant parameters cal
culated by daily simulation include canopy height and cover,
above-ground standing biomass, plant density, leafarea index,lit
ter mass and cover, basal plant cover, rock and cryptogam cover,
total ground cover, rootbiomass, androotdistribution withdepth.

The modelprovides 4 management optionswithinthe rangeland
component: grazing, fire, herbicide application, andcomplete pro
tection. The user can define the type, severity, and timing of the
management activity to be simulated. A hillslope within the model
can be subdivided to represent 10 overland flow planes. Each
overland flow planecan represent a different soil type, vegetation
community, or management activity. Multiple hillslopes can be
definedto comprisea watershed. This versatilityallowsthe userto
represent a wide range of management practices.

The grazing option allows for as many as 10 rotations of live
stockwithina yearon eachoverland flow plane andlivestockcan
be rotated from one hillslope to anotheror within a hillslope.The
user can control the weight and number of animals to represent
either domestic livestock or wildlife. The effect of grazing is rep
resented by removal of standing biomass with a corresponding
reduction in canopy and basal plant cover. Grazing increases
transfer of standing dead biomass to litter. Trampling by live
stock alters the hydraulic roughness of the soil surface through
the interaction of the amount and type of ground cover. It is the
interactions of vegetation and surface cover with runoff that
determine soil erosion and deposition across the landscape.

The watershed option of the WEPP model will estimate soil
lossand deposition from oneormorehillslopes within a watershed.
With thewatershed option, unique climate andrainfall distributions
canbe assigned to eachhillslope to represent spatially and tempo
rally varying rainfall. The model computes sediment delivery from
smallwatersheds and computes sediment transport, deposition and
detachment in small channels and impoundments within the
watershed. The watershed model can be used to identify zones of
soil lossand soil deposition on the hillslope, withinchannels and
gullies, andestimatesedimentation of livestock ponds.

The WEPP watershed model is limited to "field size" areas. For
rangelands, this area is estimated to be about 800 ha. There are no
explicit limits on size of watershed to which the model can be
applied; rather, the user must exercise judgement based on the
dominant erosion process. The model does not simulate either
baseflow or overbank flooding. The model will have limited use in
riparian areas where shallow ground water tables influence runoff,
plant growth, andplant communitydynamics. The modeldoesnot
address soil erosion effects from springs or seepage areas.
Model evaluation Soil erodibility for the WEPP model is con
ceptually different from soil erodibility as defined for the USLE
and RUSLE. Soil erodibility within the USLE combines infiltra
tion, runoff, and soil detachmentprocessesof rainfall and flowing
water, and is averaged over space and time. Within WEPP soil
erodibility is separated to represent soil erosion by rainfall
detachment (interrill erodibility) and detachment by flowing
water(rillerodibilityand critical shearstress).The basic erodibil
ity design used in the WEPP field studies included a bare treat
ment whereby the soil surface was scalped to a depth of 5 mm
and all rock and biomass was removed. Slope steepness ranged
from 5 to 15% and slope length was 10.7 m. In addition, 4 small
(about 1m2) interrill plots were evaluated (Simanton et al. 1987).
Interrill erodibilities were determined by measuring erosion rates
and dividing these by the square of rainfall intensity. Interrill
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erodibility (kg sec"1 nr4) is highly variable on rangelands and
varied by a factor of 174(Laflen et al. 1991b).

With the experimentaldesign used by Laflen et al. (1991b) and
by Simanton and Renard (1985) to develop WEPP erodibilities,
only total sediment yield at the end of the plot was measured.
There was no direct measurement of the contribution of soil loss
from either rill or interrill erosion processes on the natural plots.
Only 1 site had noticeable rills before or afterthe rainfall simula
tion treatments (Simanton et al. 1991). To determine rill erodibili
ty and critical shear stress, an iterative optimization scheme was
used (Page et al. 1989). Rill erodibility and critical shear stress
varied by factors of 75 and 190, respectively (Laflen et al.
1991b).To determine rill erosion on rangelandrequired that soils
be tested in standard condition; hence the bare treatment It was
recognized that the bare treatment utilized in these experiments
was not equivalent to naturally occurringbare soil because of the
disturbanceof surface crusts and prior interactions with plants.

The WEPP model has been evaluated for numerous rangeland
situations in the western United States. The model has been
shownto give good results in predicting runoff volume and peak
discharge in the southwest. Evaluation of the hydrologic compo
nent of the WEPP model for semi-arid desert shrub and grassland
unit source watersheds on the USDA-ARS Walnut Gulch

Experimental Watershed showed that the model does a good job
in fitting observed and predicted runoff volume and peak dis
charge (Stone et al. 1992,Tiscareno-Lopez 1994). Data from the
USDA WEPP rangeland field experiments (Simanton et al. 1991)
were used to test the model's ability to predict sediment yield at
16 locations in the western United States (Kidwell 1994). The
WEPPmodel predicted runoff volume andpeakdischarge within
2% of the observed data and sediment yield within 16% of
observed sediment yield.

Mokhothu (1996) evaluated the WEPP watershed option on the
1.9 ha Kendall sub-basin of the USDA-ARS Walnut Gulch
Experimental Watershed. The study assessed the effects of scale
on distributed water erosion parameters such as interrill and rill
erodibility and predicted sediment yield. To accomplish this, the
watershed was split into 1, 2, 3, 6, 8, and 10 contributing hill
slopes using geostatistical analysis on data collected on a 20 m
grid overthe entirewatershed. Block kriging wasused to split the
watershed into cascading planes composed of hillslopes and over
land flow elements based on measured vegetation characteristics.

Distribution of vegetation parameters by multiple hillslopes to
represent the measuredvariability did not improve the prediction
of runoff and sediment yield at the watershed outlet. However,
averaging vegetation estimates for a single plane watershed con
figuration gave poorer results for predicted runoff and sediment
yield than did higherhillslope configurations. The WEPP model
produced plausible results for runoff volume, peakdischarge, and
sediment yield when the number of hillslopes was increased from
the 1 to the 8 hillslope watershed configuration. No furthersignif
icant improvements were realized under the 10 hillslope configu
ration.The erratic nature of predicting sediment yield was attrib
uted to the fact that the WEPP model does not address the tempo
ral variability of rill and interrill erodibility parameters during
continuous simulation as well as the model's limitations in repre
senting the spatial variability that occurs on rangelands.

Weltz et al. (1997) evaluated sediment yield estimates from the
WEPP model with data collected from rainfall simulation and soil
erosionexperiments conducted on 20 rangeland sites from a wide
range of soil and vegetation types across the western United
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States. One hundred and twenty rainfall events were used to test
the WEPP model under 2 scenarios: i) the rangeland option and
ii) using adjustments to the interrill erodibility from the cropland
option. Total sediment yield values for each event were compared
with the WEPP model predicted sediment yield. The results indi
cate that the current WEPP rangeland option underestimated sedi
ment yield while the cropland option significantly overestimated
sediment yield on rangelands.

A limitation with the WEPP model is that the model does not

have feedback mechanisms between the simulated climate or the

management option and the plant growth model. The plant
growth model operates under steady state assumptions. The
model does simulate reduced plant growth as a function of
drought stress within a year but there are no carry-over effects to
future years to simulate death rates or alterations in species abun
dance as a function of natural or anthropogenic stress. The same
potential growth rate is maintained regardless of the previous
stress applied to the plant community. This limitation needs to be
recognized or unrealistic results may be attained when using the
grazing option of the model under continuous simulation, where
by it is very possible to configure a grazing scenario that will
result in different potential growth rates or even different plant
communities using heavy continuous stocking rates.

The lack of feedback mechanisms between soil loss and plant
growth in WEPP and almost all other simulation models that are
used to estimate soil loss on rangelands is a further problem.
Using the continuous simulation option of the WEPP model, a
management scenario could easily be constructed that would
result in sustained plant growth even though estimated soil loss
was significantly greater than the estimated Natural Resource
Conservation Service (NRCS) published soil loss tolerance (T)
value for the site. We could find no published work that directly
measured soil loss and its effect on plant productivity or the sus-
tainability of rangeland ecosystems that would validate the NRCS
concept of T for rangelands. Significant new research needs to be
initiated that relates soil and associated nutrient loss to site sus-

tainability before these types of interactions can be incorporated
into continuous simulation models like WEPP.

Next Generation Research Needs

Data Collection
Predicting erosion processes has progressed rapidly since the

development of computers and introduction of a wide range of
soil erosion models have been developed. To utilize these models
and to develop new alternative models that better reflect the feed
back mechanism between soil erosion and sustainable land use

require that new data and new methods for data collection, stor
age, and retrieval by users be developed that are cost effective
and efficient to implement. This requires that several new base
line abiotic and biotic variables be collected: plant height; dis
tance between plants; canopy diameter, canopy cover, and above-
ground standing biomass by functional plant group (i.e., annual,
sod- or bunchgrass, half-shrub) that are based on relationships to
erosion and not forage characteristics; litter biomass and the dis
tribution of litter (under plant canopy or in the interspaces); rock
cover; cryptogamic cover by functional group (i.e., lichen or
moss); size and connectivity of bare soil patches; percentage of
bare soil that is exposed to direct raindrop impact versus bare soil
under plant canopy; random roughness; and the abundance and
size distribution of roots by class in the surface 10 cm of the soil.
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On rangelands most runoff and soil erosion are generated from
bare soil interspaces rather than from vegetated coppice dunes or
vegetation patches. Hillslopes with identical average exposed
bare soil will have significantly different erosion rates depending
on the spatial distribution of the bare soil. Bare soil beneath
canopy cover is protected from raindrop impact and has a very
low probability of being detached and contributing to sediment
yield from the hillslope. The distribution and connectivity of the
bare soil interspaces and vegetation patches are more important
than the absolute amount of bare soil in determining potential
runoff and soil erosion rates.

Rill erosion are initiated in the bare soil interspaces when the
runoff velocity (hydraulic shear force) exceeds the resistance of
the soil. For the rill erosion process to continue downslope, a cas
cading series of bare interspaces must exist and not be intercepted
by vegetated patches for die entrained sediment to contribute to
total sediment yield measured at the base of the hillslope. Runoff
intercepted by vegetated patches can decrease runoff volume
through either direct reduction in runoff volume, higher infiltra
tion rates and capacity of the vegetated patch, or by providing
detention storage areas for runoff generated from the bare inter
spaces. Each of these processes provides a negative feedback to
the erosion process by reducing the velocity of the runoff. The
reduced velocity results in deposition of entrained sediment
because the transport capacity of the runoff has been exceeded.
Erosion is further constrained because the reduced velocity
inhibits the runoff water's ability to detach additional soil parti
cles downslope.

Traditionally vegetation properties have been estimated using
located line-intercept methods, belt-transect, or point-intercept
methods, or by sampling quadrats. These methods involve mea
suring vegetation properties along randomly determined strips,
lines, belts, or quadrats across the landscape. Soil erosion is a 3-
dimensional process and therefore spatially distributed data col
lection techniques, at a minimum in 2 dimensions (across the hill
slope and down the hillslope), need to be developed if we expect
to make significant improvement in estimating soil erosion at the
hillslope, watershed, or landscape scale.

Rainfall Simulators as a Tool to Measure Soil Erosion

Rainfall simulators are probably the most common tool used to
evaluate the interaction between management practices and abiot
ic and biotic factors to measure soil erosion on rangelands.
However, current rainfall simulators have several limitations and
disadvantages: the expense involved in their construction and
operation; cost and logistics of supplying water to remote loca
tions; most simulators do not produce drop-size distributions that
are representative of natural storms; most simulators can not
replicate the temporal variability of rainfall intensity within a
storm; steep slopes (> 15%) may not be able to be sampled by
trailer or truck mounted simulators; ecosystems with plants
greater than 3 m typically can not be sampled due to limitations
in the height at which the simulators can be safely operated; and,
areas treated aresmall (1 m2 to 40 m2) and may notbe represen
tative of the spatial gradient of soil and vegetation associations
down a hillslope or represent all soil erosion processes.

Small plot(< 1 m2) rainfall simulators onlyaddress interrill ero
sion processes and do not address soil detachment by concentrated
flow, sediment transport, or deposition processes. Large plot (> 30
m2) rainfall simulators have been used to address both rill and
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interrill erosion with limited success (Simanton et al. 1985,
Simanton et al. 1991, Simanton and Emmerich 1994, Goff et al.
1992, Hart et al. 1985, Abrahams et al. 1991). Large plots inte
grate the coppice dune and interspace areas found on rangeland
and provide a mean erosion response for the hillslope. However,
the applied rainfall energy is less than the expected energy from
convective thunderstorms which results in less rilling than
expected from natural rainfall events. Furthermore, with current
technology and experimental designs, there is no way to identify
or validate the rate of soil loss from different contributing areas
(shrub coppice dune vs. interspace) or to determine which erosion
process (rill vs interrill) generates the soil loss.

Despite the limitations of existing rainfall simulators for repro
ducing natural rainfall events, their advantages for performing
artificial, but controlled and replicated experiments in a cost-
effective manner over a short time period necessitates their use in
obtaining many hydrologic and soil erosion parameter values.
When rainfall simulators are used in conjunction with long-term
monitored plots and watersheds using natural rainfall events, the
resulting information is helpful in understanding the interaction
between abiotic and biotic relations and soil loss on rangelands.
New modular, programable, variable intensity rainfall simulators
that can reproduce the natural variability in rainfall energy and
intensity (25 to 200 mm/hr), function on slopes with gradients >
40%, and slope lengths > 20 m are required if we expect to fully
understand and predict hydrologic and erosion processes at hill
slope and watershed scales on rangelands.

Databases

To be widely applied, erosion prediction technology must be
usable by technicians at the field level. To meet this objective, the
technology must encompass an integrated system of tools on 3
levels: database generation, user interface, and simulation mod
els. National relational databases that contain climate, soils,
topography, land-use, management-practice, and vegetation data
are required to implement the new generation of erosion-simula
tion models. These natural resource databases will allow uniform

application of erosion technology by all user groups at the local,
county, state, and national levels. Development of a national
rangeland database will avoid duplication of effort and time in
collecting and maintaining separate databases.

One approach which should be investigated is the use of expert
or knowledge-based systems to generate the required model para
meters. Plant-growth and litter-decay coefficients are only avail
able for a few plant communities. Knowledge based systems that
cancommunicate withtheuserand translate theirknowledge into
model parameters are required before complex erosion models
can be implemented uniformly across the United States or in
other countries. The process of building national rangeland plant-
growth, soils, and climate databases must include research objec
tives that incorporate spatial and temporal variability and mecha
nisms to address scaling parameters from plots to hillslopes to
entire watersheds. In addition, funding and resources need to be
assigned to implementing training and technology transfer to suc
cessfully deliver this new generation of simulation models.

Landscape Surface Description
Environmental changes in the West are exemplified by vegeta

tion changes from grasslands to shrublands (Branson 1985). This
conversion has resulted in substantially increased erosion rates
and major impacts on landform stability and geomorphic process
es (Parsons et al. 1996). Most of the current methods of estimat
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ing soil loss and surface runoff assume uniform distributions of
vegetation and surface cover across the landscape. Techniques to
describe the distributions of vegetation and the rates of change in
both spatial and temporal scales of plant species, plant canopy,
and surface cover are required before significant improvements
can be developed and validated in the modeling of ecosystem
dynamics at either the field or watershed scale to predict surface
runoff and soil erosion.

The role of other properties of surface soil crusts (chemical or
physical) needs to be better defined in all erosion models.
Methods are needed for predicting which soils crust and the
degree to which the sealing affects infiltration rates and interrill
and rill erodibilities for different soils. Temporal changes in crusts
and their effect on infiltration and soil erosion after drying and
cracking, freezing and thawing cycles, and emergence and estab
lishment of seedlings must also be addressed for future soil ero
sion modeling efforts.

Soil and Plant Parameters
Technologies for modeling runoff and soil loss have greatly

improved, but improvements in model accuracy are often lost in
the techniques used to estimate model parameters (e.g., infiltra
tion, interrill and rill detachment parameters, and their temporal
and spatial variations). Improvements in model parameter estima
tion techniques and our understanding of the interactions between
vegetation, soil, and grazing practice induced temporal and spa
tial variability are required before the full potential of our hydro-
logic and erosion modeling capabilities are achieved. For
instance, no model currently addresses the enrichment of surface
rock cover (formation of erosion pavements) as a function of soil
erosion processes. Fundamental research is needed to develop
field techniques to describe and predict the effect that rock frag
ments have on rangeland infiltration rates, rate of soil loss, and
rate oferosion pavement formation.

None of the existing soil erosion models represent contribu
tions of individual species to canopy or Uttercover or separate the
influence of species or functional plant groups on infiltration,
runoff, and erosion rates within a plant community. Most of these
models can be configured to represent the differences between
plant communities, but not the contribution of individual plant
species within a community. Research needs to be initiated to
incorporate species composition, species replacement, and feed
back mechanisms that result in changes in soil and hydrologic
properties: soil texture, organic matter, root distribution, macrop-
orosity, bulk density, aggregate stability, and interrill and rill
erodibility. If future hydrology and erosion models are going to
predict the effect of land management practices on erosion, they
need to address the physical processes and mechanisms that drive
the soil erosion processes.

Statistical Analysis
Natural processes are inherently variable. The deterministic

models reviewed here do not provide information on the reliabili
ty of predicted output. Information is needed to determine the
confidence limits for erosion predictions generated by continuous
simulation erosion models. Research needs to be done whereby
the change in the selected input parameter could be related to a
change in the predicted output variable. New research should be
undertaken concerning the construction of confidence intervals
on predicted sediment yield for all types of erosion models. This
would allow the probability of meeting specified soil-loss toler
ance levels for a given management system to be calculated at a
specific significance level.
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Soil Erodibility
The ability to conceptualize and develop erosion models has

exceeded the ability to design and quantify the component
processes of interrill andrill erosion with traditional rainfall sim
ulation field experiments. With 2 unknowns (soil detachment
from interrill and rill erosion processes) and only 1 known value
(total sediment yield), there is no direct way to validate the ero
sion process and determine if erosion models are correctly pro
portioning the sediment yield measured on rangelands from nat
uralplots.Fieldexperiments need to be designed to directlyallow
for internal validation of soil detachment from interrill and rill

erosion process simultaneously to fully validate process based
erosion models. Limitations with current data collection methods

prevent full evaluation of any erosion model which addresses
both rill and interrill processes to determine if the under-predic-
tion or over-prediction of sediment yield on rangelands is the
result of representing the erosion process with inappropriate func
tional equations or if the limitation is in having an adequate sam
ple size to address the variability in soil erodibility of native
rangelands. The current form of the interrill erodibility equations
does not capture the inherent differences in soil erodibilities that
result from chemical interactions (e.g., dispersability of the soil
as a function of sodium content). New equations and/or adjust
ment factors need to be explored to account for chemical as well
as physical factors that affect erodibility of rangeland soils.
Fundamental research is needed to determine under what rainfall
intensities, storm duration, slope length, and slope steepness con
ditions rilling of rangelandsoils will occur.

The concept of the unit fallow bare plot from repeated plowing
as used in cropland to define baseline soil erodibility does not
applyto rangelands. Interrill soil erodibilities on a singlephase of
a Pierre soil series near Cottonwood, S. Dak. and a Woodward
series near Woodward, Okla. under different historic land uses
(cropland and grazed rangelands) were compared (Weltz et al.
1997). The cropland baseline soil erodibility was calculated from
fallow plots in the soil's most erosive state (i.e., immediately fol
lowing plowing) (Laflen et al. 1991b). The severity of this treat
ment removed any residual influence of previous soil consolida
tion, land use, and vegetation. The baring of the soil surface
under different rangeland treatments resulted in variable distur
bance for similar phases of a soil series due to the variation in
vegetation (both type and amount) and rock content of the soil.
This treatment causes non-reproducibleexperimental results for a
given phase of a soil series and does not necessarily produce the
most erosive state of the soil series. The residual root biomass
and organic matter left in the soil after baring rangeland plots
greatly influences the baseline soil interrill erodibility. However,
there is currently no way to separatethe historic and currentveg
etation influence, land use, and management effects from the
inherent soil interrill erodibility.

Soil erodibilities measured during rainfall simulation experi
ments conducted at various rangeland sites varied yearly and
depended on vegetation and soil type (Simanton and Emmerich
1994). Time related changes in erosion rates on rangelands need
to be evaluated over a multi-year period using multi-plot studies.
Biotic factors, both flora and fauna, significantly influence the
variability of soil interrill erodibility and need to be considered
before the interactions between soil interrill erodibility and soil
erosion on rangelands can adequately be defined. Until tech
niques aredeveloped to define the inherentsoil interrill erodibili
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ty independent of vegetation and land use influences, the ability
to significantly improve soil erosion estimates on rangelands will
not be achieved.

Summary

Development of improved erosion technology will require the
development of new methods to represent the spatialand tempo
ral variability of landscape surfaces. Furthermore, the develop
ment of expert systems is required to provide default plant-
growth and soil erodibility coefficients to effectively use and
implement continuous-simulation models like WEPP. New
research techniques to quantify rill initiation and propagationare
required before significant improvements in estimating soil ero
sion on rangelands can be achieved and incorporated into existing
and future erosion models. To apply new process-based erosion
technology, basic research is needed for modeling the interactions
and feedback mechanisms of plant communities and landscape
ecology to identify when accelerated soil erosion will result in
unstable plant community dynamics. With the new generation of
erosion simulation models, the statistical probability that a specif
ic land-use practice will exceed a specific soil-loss tolerance
value can start to be addressed.
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